Abstract: Spirometers are used to measure lung capacity and response of lungs and chest during physical therapy. They reveal whether the patient's dyspnoea is due to cardiac or pulmonary dysfunction and are used to detect asthma. Unfortunately their application is limited due to high instrument cost and lack of specialist doctors. This paper details the development of a low-cost, portable spirometer built around an MEMS pressure sensor for detecting airflow and pressure. The instrument has an embedded web server and ethernet connection which enables a distantly located doctor to examine the patient online during an emergency or otherwise.
Introduction
A spirometer is used to conduct a set of medical tests that are designed to identify and quantify defects and abnormalities of various lung conditions in human respiratory system (Fishman, 1998; Hyatt et al., 1997) . These tests also help in monitoring the response of lungs to medical treatment. With the help of a spirometer, Chronic Obstructive Pulmonary Disease (COPD) can be detected well in advance (American Thoracic Society, 1995a) . Monitoring cough and wheezing may not provide an accurate assessment of the severity of asthma in a patient. With the help of the breathing tests conducted using a spirometer, the response and improvement in an asthma patient's condition during the treatment can be monitored accurately. This improves the quality of treatment by reducing the judgement errors. American Thoracic Society (ATS) has recommended these breathing tests for all those who have a family history of chronic respiratory illness, cough or dyspnea and even for habitual smokers (American Thoracic Society, 1995b) . In fact, this test is mandatory to confirm the physical fitness for entry into government services and the armed forces in many countries.
Spirometer measures the flow and volume of gas (air) moving in and out of the lungs during a breathing manoeuvre (Downing, 1995) . The measured flow and volume values are plotted as graphs called the spirograms that are used for diagnosis of the patient. A brief overview of the terms used in these tests, types of spirograms and the relation between them, is included in a subsequent section.
Several methods (Figure 1 ) are used to realise spirometers (Fishman, 1998; Weber, 1999) . The spirometers are based on the measurement of either the flow rate or the volume of gas inhaled and exhaled during respiration. The pressure measurement system depicted in Figure 1 (c) is, in fact, also a flow rate measurement-based method where the flow rate is indirectly determined by measuring the pressure (e.g., orifice or Venturi tube meters). Few methods reported in the literature to realise spirometers are briefly discussed in the subsequent sections. 
Some of the spirometers are constructed based on magnetostriction principle. Good quality ferromagnetic material is available for this type of spirometers (Nakesch and Pfutzner, 1995) . These spirometers have advantage in the situation where the sensor is required to be changed frequently. However, such spirometers have to be calibrated more frequently (each time the sensor is changed, calibration is required). Further, the relation between the flow rate and the output voltage is also very complex in these spirometers.
Some other spirometers use direct measurement by collecting the gas in a container. In these spirometers, the volume collected must be temperature compensated and the container for collection of the gas should be leak proof and at the same time should not offer any resistance while breathing. Also, care should be taken regarding the condensed water vapour on the walls of the container. Some spirometers are also developed using flow time monitor method (Lim et al., 1998) . These spirometers have an improved mouthpiece, which makes them suitable even for paediatric use. A major disadvantage of these spirometers is that they can be used only in conjunction with a computer or a laptop. Another drawback of these spirometers is that they use preset pressure transducer switches, so there is no continuous monitoring of the input signal.
Another (digital) spirometer, based on the principle of hot wire sensor, has been proposed by Lin et al. (1998) , This spirometer exhibits good performance but replacing of sensor is expensive. However, this digital spirometer can be connected to a nearby computer, which can be very advantageous. Many a times these tests need to be performed right at the time of the asthma attack. It is very unlikely that a doctor will be present with the patient at that moment. A possible solution is to embed a web server and make the device (spirometer) network available for online treatment.
Online treatment occupies a prominent place in today's world as internet provides access to the data from anywhere in the world through standard browser technology (Economou et al., 1996) . Consulting a specialist, who is located far away from a patient, can be achieved through the internet (Levy and Lawrence, 1992; Szymanski, 2000) . Web server also helps in maintaining and accessing the records of a patient. As the web servers have become a popular tool for sharing data, this feature may be embedded into the spirometer (Lovell et al., 2001; Finkelstein et al., 1998) . This enables the spirometer to share the data with a doctor who may be located at a distant place (Levy and Lawrence, 1992; Szymanski, 2000) .
By using a web-server-based spirometer, a physician can, for example perform online dynamic lung function test and obtain the results. Thus, Patient's test results (graphs etc.) and symptoms are available online to the doctor. Functionally, an embedded web server can be as powerful as a full web server. The embedded web server knows all about the system in which it is embedded. It can provide access to the data and perform tasks as requested. It can activate routines to interpret the requests and modify applications via a standard Hyper Text Mark-up Language (HTML) browser. The embedded web server should also have appropriate signal processing capability (Leung et al., 1998) to deal with the acquired medical data from tests such as a pulmonary function test. This paper presents the design and development of a simple, low-cost digital spirometer. A new feature of embedding a web server in a spirometer is described and implemented in the developed prototype. Spirometers with computer connectivity are available, but to the best of author's knowledge, spirometer with embedded web-server technology has not been reported so far. All the details of this work are presented in the subsequent sections.
An overview of breathing tests
Breathing tests, also called pulmonary function tests, are designed to identify and quantify defects and abnormalities in the function of respiratory system (Yeginer et al., 2004) . These tests can be broadly classified into two types, depending on the lung characteristics that they measure. These are Gas Exchange Functions and Dynamic Lung Functions. The dynamic lung functions test the Forced Vital Capacity (FVC), Flow-Volume Curves, Maximum Voluntary Ventilation (MVV) and airway resistance. The dynamic lung function test is the most common test and highly informative and useful in most of the cases.
A typical spirogram is shown in Figure 2 (Fishman, 1998) . The Y-axis in the graph represents the volume of the gas present in the lungs and the X-axis shows the time. The spirogram shows how the volume changes during a breathing action. The deep crest and trough in the graph are formed during a forced (full) respiration cycle, while the normal tidal waveform corresponds to relaxed breathing. The flow-volume spirogram is widely used to identify the lung problems. Forced vital capacity generally means forced expiratory vital capacity. This test involves two steps: a full inspiration to total lung capacity followed by a rapid forceful maximal expiration. The rate of airflow and the volume of air expelled within designated time intervals provide an indirect measure of the flow resistance properties of the lungs being tested. The time taken for total volume expulsion generally does not exceed 3 s. The volume expelled during first 1 second (FEV1) and the total air expelled (FEV) are calculated. From that information, the ratio of FEV1/ FEV is obtained. This ratio is very important for diagnosis. The relationship between the flow and volume provides useful information about pulmonary function. Sample flow-volume spirograms given in Figure 3 (American Thoracic Society, 1995a) show how the graphs appear for a healthy person and an unhealthy person.
The flow-volume curve depicts the relation between the lung volume and the maximum rate of airflow as lung volume changes during a forced expiration. 
Overview of the proposed system
An overview of the proposed system is presented with the help of a block diagram shown in Figure 4 . The system consists of the following two major parts:
• The data acquisition unit
• The control and interface.
The data acquisition unit has a transducer to acquire the voltage signal corresponding to the flow rate of the gas. This sensor is mounted in the mouthpiece, which is a standard 22 mm tube. The signal from the sensor (typically 2-10 mV) is amplified, filtered and digitised. The control and interface block has all the basic interface units like memory, etc. for the processor. The signal processing unit consists of an amplifier, a low-pass filter and an Analogue to Digital Converter (ADC). The microcontroller unit is based on Dallas 80C400 controller along with other peripherals. The serial port has the RS232 transceiver and connector. The Ethernet unit has the Ethernet physical device and RJ45 cable connector, Ethernet magnetics and related components. A detailed description of the working of these blocks and their components is given next.
The data acquisition unit
Spirometric data corresponds to the flow and volume of air during the breathing process. An indirect method of obtaining this data is by measuring the pressure across the mouthpiece of the spirometric device. The flow rate of fluid and the pressure are related as per Bernoulli's equation:
where v is the fluid velocity along the streamline, g is the acceleration due to earth's gravity, y is the elevation in the direction of gravity, P is the pressure along the streamline, ρ is the fluid density and C is a constant. The acceleration due to gravity and density of air being constants during the time of measurement, the velocity of fluid turns out to be proportional to the square root of the pressure as below:
From this equation it can be inferred that the flow rate of the gas is equal to a constant times the square root of the pressure as given below:
The pressure sensor measures the differential pressure across the mouthpiece and the corresponding flow rate is derived from the pressure value using equation (3). This flow rate, when integrated with respect to time, yields the volume of the gas flowing through the mouthpiece. The flow rate vs. volume relationship is shown in Figure 5 . Motorola's MPX2010 pressure sensor has been used in the mouthpiece of the spirometer to obtain the flow rate data. This is an MEMS-based bulk micromachined, silicon piezo-resistor device (Motorola Inc., 2003) as shown in Figure 6 . The piezo resistors of the sensor are arranged as a Wheatstone bridge circuit. The output voltage of this sensor is proportional to the differential pressure applied across the differential gauge element. The voltage signal due to imbalance in the bridge is amplified to be compatible with the input level of the ADC using an instrumentation amplifier. AD7812, a 12-bit, serial ADC is used for analogue to digital conversion. This ADC is configured to operate between 0.5-4.5 V analogue input range. Its output is in 2's complement form. The converter has a 'power down' option which reduces the power consumption and increases the life of the battery. This is a particularly important consideration for portable instruments. The output of the ADC is serially obtained by the microcontroller with two of its port pins specifically dedicated for this purpose.
The amplified signal is filtered before being digitised by the ADC so as to eliminate the noise pickup due to Electro Magnetic Interference (EMI). An operational amplifier is configured as a Sullen-Key, two pole, unity gain, low-pass filter for this purpose (Franco, 2002) . For flow time spirograms, 95% of signal energy lies within a bandwidth of 0-12 Hz. Therefore, the cut-off frequency of the filter is located at 12 Hz. A 2.5 V reference is used at the input of the instrumentation amplifier so as to add an offset voltage at its output. The output voltage swings from 0.5 V to 4.5 V with a 2.5 V DC offset which makes the signal free from 200 mV ground noise at the biased voltage. The analogue circuit, giving the connection details of the sensor, amplifier, filter and the ADC is shown in Figure 7 . PCB layout is done carefully so that noise effects are minimised. The digital grounds are connected to the analogue grounds in such a way that minimum noise is induced into the analogue ground.
Figure 7
The proposed circuit diagram showing the sensor, the amplifier, the low-pass filter and the ADC stages
The control and interface unit
A microcontroller, belonging to the Intel 8051 family, is used for the control and coordination of the overall spirometric actions as shown in Figure 8 . Dallas 80C400 controller is selected for this purpose. This microcontroller reads the sampled data from the ADC at a rate of 50 Hz and evaluates its square root. From the calibration table, the obtained square root value is corrected for offset errors. This corrected value corresponds to the flow rate and this is stored in a Nonvolatile Random Access Memory (NVRAM). 128 K Static RAM (SRAM) and 32 K NVRAM are used as memory of the microcontroller for storing the program code, the calibration values and the data (Figure 8 ). An LCD is used for display during stand alone operation. It has a RS232-based serial port for communication with the nearby computers. Ethernet physical device, connected for web server, is used as interface for communication on the internet.
Figure 8
The control and interface diagram of the proposed system A keypad is provided for feeding data and user requirements into the microcontroller. This keypad has alphanumeric keys so that the user can enter the text or numbers into the spirometer as required during the operation of the device. Depending on the user requirement, the acquired data are processed for flow-time, volume-time and flow-volume curves. All the data manipulation is done using the recommended procedures of ATS standards. These values can be either stored in a computer or can be served to a remote client as a web server or communicated to a nearby computer, so that the data can be used for printouts or saved for future reference. The obtained spirometric data are displayed using a graphic LCD in a proper format. The display format is appropriately chosen so that a physician can interpret the values and the graphs accurately. Web server is implemented using Dallas 80C400 microcontroller. This microcontroller has inbuilt hardwired Transmission Control Protocol/Internet Protocol (TCP/IP) stack and the Media Access Control (MAC). The MAC is programmed for Media-Independent Interface (MII) mode of data transfer to the Ethernet Physical Device (Ethernet PHY). National instrument's DP83846 is used as the PHY.
Apart from the TCP/IP stack feature, the Dallas microcontroller has also been used in the proposed application because it has eight general purpose I/O ports. Keyboard, LCD screen, etc. can all be directly connected to the microcontroller thereby avoiding interface ICs. As this microcontroller has many useful routines for ping, ipconfig, etc., which are programmed on chip, it makes programming easier. The 80C400 is programmed for 100 TX, MII configuration. The address bits of DP83846 are configured accordingly. The output TX+, TX-and inputs RX+, RX-are connected to RJ45 cable connector via an isolation transformer. An RJ45 connector with built-in magnetics is used for this purpose. Dallas DS2502-E48 is used for MAC address configuration. Figure 9 shows the complete view of the developed hardware. The synthesis of hardware and software interface between microcontroller and the devices it controls, is done very carefully. Optimisation of synthesis is done so as to reduce the number of components, thus reducing the overall cost of the system. Offset adjustment of the operational amplifier, square root calculation for obtaining the flow rate and integration of flow rate for volume calculations are implemented in software. Port allocation of microcontroller is done in such a way that the number of peripheral devices is reduced to minimum possible. This also helps in efficient coding of device drivers. The spirometric measurements must be reproducible and must guarantee validity. For this purpose, these signals are modelled as exponential functions. These models are proposed so as to determine and estimate FVC and FEV 1 /FVC correctly for those patients who cannot fulfil the forced expiratory manoeuvre of 6s and a plateau phase at the end of forced expiration.
The web-server-based spirometer is helpful for interaction between doctor and patient in many ways (Economou et al., 1996; Lovell et al., 2001; Finkelstein et al., 1998) :
• As this is portable, the doctor can easily carry it to the patient who has an asthma attack or a COPD. The doctor can observe the spirograms either on the LCD monitor on the device or by transferring the data from spirometer onto his personal computer.
• Due to the spirometer's efficient user interface, the patient can test himself during an asthma attack and receive better treatment. As this is a low-cost instrument, more patients can afford to have their own spirometer.
• As a web server is embedded into it, the patient and the doctor (who may be located far apart) can interact with each other in many ways. On the specialist's request, the patient can take the test online. The specialist can simply logon to the website (i.e., spirometer's web server), study the spirograms online and instruct the patient regarding the types of tests required. This eliminates the tedious and time-consuming process of first transferring the data to a computer from the spirometer and then sending it through fax or e-mail to the specialist.
Results and discussion
Various tests were performed on the developed spirometer to ascertain its performance. The behaviour of the pressure sensor was calibrated against high-pressure atmospheric air tank, with a regulator for various amounts of air flow. These calibrated values are stored in the NV RAM of the spirometer. Each time the test is conducted the obtained values are compared against these stored values and the flow rate is obtained. These flow-rate values are used for further processing. Figure 10 shows the analogue voltage waveform at the output of the amplifier of the spirometer during a pulmonary test, obtained using a Tektronix make Digital Storage Oscilloscope (DSO), model No. 1002. This is the voltage corresponding to the pressure difference across the mouthpiece. The same data are also converted into digital form by the ADC and is stored into the memory of the device. The embedded microcontroller computes the important pulmonary functions from the stored data and displays them on the LCD. The spirometer can also interact with a nearby computer transmitting data using RS232 serial port. These data can be stored on a CD ROM or used for a printout. Pulmonary tests were conducted on many individuals out of which two example flow-volume graphs are shown in Figures 11 and 12 , respectively. The first case is that of a healthy individual while the second one is a patient having a fixed airway obstruction. Figures 11(a) and 12(a) show the voltage waveforms corresponding to the pressure difference across the mouthpiece, obtained using the DSO for the two persons. Figures  11(b) and 12(b) shown the flow-volume plots (drawn in MATLAB and displayed as a web page) to analyse the patients' condition. The spirometer's web server handles requests from the remotely located specialist and sends the requested data using a standard browser. Figures 11(b) and 12(b) show typical screen shots of the spirograms obtained from the web server (as would be visible to the specialist). Both the spirograms and the pulmonary functions are displayed. The generated report also contains information related to when the test was performed, name and age of the patient and other relevant details. Selection tabs are visible at the top of the web page. 
Conclusions
Various sensors for flow measurements (Downing, 1995) have been studied and the MEMS-based pressure sensor has been used in the spirometer prototype, so as to reduce the size and cost of the instrument. The spirometric data are analysed and the parameters like FEV1 are computed as recommended by ATS. It is observed that the flow-volume spirograms are reasonably accurate and consistent with repeated trials. In fact, the spirograms can be further improved by using a more sophisticated algorithm. An example is shown in Figure 12 (c), which corresponds to Figure 12 (b). This instrument is expected to be very useful as it is low cost, user friendly, portable and has a web server embedded in it. Not only can the remotely located patient consult a specialist, the specialist too can instruct the patient for specific test procedures and treatment. The total 'bill of material' cost of the developed spirometer is shown in Table 1 . The cost will come down significantly if a large number of units are produced. The developed spirometer has the ability to communicate with a personal computer in two ways, namely through a serial port RS232 connection and through internet or Local Area Network (LAN). This facilitates the storage of spirometric data for analysis and/or records (database), printouts and other usage. To provide increased patient data protection, the firmware of the proposed system can be suitably modified for encrypted transmission over internet. In the near future, such systems are expected to provide inexpensive medical care to thousands of patients.
